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Abstract 33 
The oxygen isotope composition of speleothems is a widely used proxy for past climate change. 34 
Robust use of this proxy depends on understanding the relationship between precipitation and cave 35 
drip water δ18O. Here, we present the first global analysis, based on data from 163 drip sites, from 36 
39 caves on five continents, showing that  drip water δ18O is most similar to the amount-weighted 37 
precipitation δ18O where mean annual temperature (MAT) is < 10 °C. In contrast, for seasonal 38 
climates with MAT > 10 °C and < 16 °C, drip water δ18O records the recharge-weighted δ18O. This 39 
implies that the δ18O of speleothems (formed in near isotopic equilibrium) are most likely to directly 40 
reflect meteoric precipitation in cool climates only. In warmer and drier environments, speleothems 41 
will have a seasonal bias toward the precipitation δ18O of recharge periods and, in some cases, the 42 
extent of evaporative fractionation of stored karst water. 43 
 44 
Introduction 45 
The oxygen isotope composition is by far the most widely reported climate proxy in cave deposits, or 46 
speleothems (e.g., stalagmites, stalactites and flowstones1). Multiple processes determine the 47 
oxygen isotope composition of speleothems (δ18Ospeleo), with the potential climate signal reflecting 48 
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the source water (meteoric precipitation) δ18O (δ18Oprecip) and its relationship to local and regional 49 
climate. This signal is transferred to the cave through the vadose zone, where it may be mixed with 50 
existing waters and fractionated by evaporation. Finally, at the target (the speleothem), the δ18Ospeleo 51 
signal can be further altered by non-equilibrium fractionation processes and temperature-52 
dependent fractionation during calcite precipitation. See1-3 for in-depth reviews of these processes 53 
and climate signal transformation.  54 
Within the speleothem research community, it is widely acknowledged that a cave monitoring 55 
approach is necessary to fully understand, and constrain quantitatively, the extent that the climate 56 
signal is preserved in δ18Ospeleo (e.g., during transfer from source to target). The measurement of drip 57 
water hydrology4, drip water geochemistry5, cave environment6, and calcite growth and 58 
geochemistry7 as well as surface climate parameters, allows empirical relationships between source 59 
and target to be determined. With monitoring data, regression models between climate and 60 
speleothem proxy data can be developed8, proxy interpretations can be evaluated9, input data for 61 
forward or proxy system models can be generated10-13, and the extent that speleothem calcite 62 
precipitates in isotopic equilibrium with its associated drip water can be assessed7, 14-15. 63 
Recently, a new global database of speleothem carbon and oxygen isotope proxy records was 64 
compiled16,17. This archive includes 455 δ18Ospeleo records, with over 324 covering intervals within the 65 
last 21 ka16,17. Some regions have δ18Ospeleo records that span glacial-interglacial intervals (e.g. 66 
monsoon regions12-20) whereas, other regions have records that are more complex (e.g. water-67 
limited regions where δ18Ospeleo exhibits high magnitude and frequency variability21-22). In water-68 
limited environments, potential mechanisms by which δ18Ospeleo can be modified during transit from 69 
the source, include: evaporative fractionation of water δ18O in the soil, shallow vadose zone or cave; 70 
selective recharge, whereby rainfall events with high amount or intensity have a distinct isotopic 71 
composition, typically low δ18O; and non-equilibrium deposition during speleothem formation23-27. A 72 
fundamental research question is: what are the regional climate parameters where δ18Ospeleo values 73 
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most faithfully preserve the source signal (δ18Oprecip)? Identification of such climatic regions, and 74 
speleothem samples, will have the greatest utility; for example, for research methodologies such as 75 
data assimilation 28 which utilise proxy – climate model inter-comparison.  76 
Interpretation of δ18Ospeleo proxy records would benefit from the best possible understanding of the 77 
climatic conditions under which oxygen isotope composition of drip water (δ18Odripwater) is most 78 
directly related to δ18Oprecip. Here, we compile cave monitoring data with the objective of 79 
understanding the modern-day relationship between δ18Oprecip and δ18Odripwater. We compile datasets 80 
where there are both cave δ18Odripwater data (one-year or longer datasets) and δ18Oprecip data (of equal 81 
duration, amount-weighted and collected close to the cave and similar altitude). The latter enables 82 
the amount-weighted precipitation oxygen isotope composition (δ18Oamountwprecip) to be compared to 83 
δ18Odripwater. By using a karst hydrology model developed for European climates, monthly modelled 84 
recharge amount is used to obtain an annual recharge weighted δ18O (δ18Orechargewprecip) at European 85 
sites. This permits the first analysis of δ18Odripwater, δ18Orechargewprecip, δ18Oamountwprecip, and climate 86 
parameters.  The analyses show that drip water δ18O is most similar to the amount-weighted 87 
precipitation δ18O when mean annual temperature is < 10 °C. The implications for speleothem 88 
paleoclimatology are that speleothems (if formed near isotopic equilibrium) are most likely to 89 
directly reflect meteoric precipitation δ18O only in cooler climates. 90 
Results 91 
Global water oxygen isotope distributions 92 
We find a strong positive correlation between δ18Odripwater and δ18Oamountwprecip. δ18Orechargewprecip 93 
provides a similarly strong correlation, but in this case with a slope and intercept indistinguishable 94 
from 1 and 0 respectively.  Supplementary Data 1 presents the database of δ18Odripwater and 95 
δ18Oamountwprecip compiled from the literature and unpublished data comprising 163 drip sites from 39 96 
caves on five continents. The location of the caves in comparison with modern mean annual 97 
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temperature (MAT) and the global database of δ18Ospeleo records17 are shown in Figure 1. Climate 98 
regimes represented in the compilation include temperate maritime and semi-arid, monsoon, 99 
Mediterranean, montane, and tropical, therefore including a wide range of MAT and aridity, as 100 
expressed by the ratio of precipitation to potential evapotranspiration (P/PET).  101 
Figures 2a and 2b presents the global relationship between δ18Odripwater and δ18Oamountwprecip. The 102 
correlation is positive and strong (Spearman’s rank rs = 0.90, p<0.00001), indicating that at a global 103 
scale, δ18Odripwater closely relates to δ18Oamountwprecip. The regression demonstrates that, at this scale, 104 
δ18Odripwater is greater than δ18Oamountwprecip where the latter is more positive, typically sites where MAT 105 
> 16 °C. Conversely, δ18Odripwater is less than δ18Oamountwprecip where the latter is more negative, 106 
typically at sites where MAT < 16 °C).  Regional relationships between δ18Odripwater and δ18Oamountwprecip 107 
for Europe, China and Australia are quantified in Supplementary Figure 1. At a regional scale, the 108 
correlation is positive, very strong, and highly significant for the European region and moderately 109 
strong for China. 110 
 111 
For cave drip water monitoring sites in Europe, we utilise a karst hydrology model29 to determine the 112 
monthly recharge amount (see Methods), and these monthly recharge values (see Supplementary 113 
Table 1) were then used to weight the δ18Oprecip in that month. At the European scale, the 114 
relationship between the δ18Odripwater and δ18Oamountwprecip is a strong positive correlation (Spearman’s 115 
rank rs = 0.90, p<0.00001), similar to that observed globally (Figure 2c and 2d), although over a more 116 
restricted range of δ18O.  With recharge weighting, the correlation between the δ18Odripwater and 117 
δ18Orechargewprecip remains positive and strong (Spearman’s rank rs=0.89, p<0.00001). The intercept and 118 
gradient are indistinguishable from 0 and 1 respectively, indicating that after recharge weighting, at 119 
the European sites δ18Odripwater can be explained by δ18Orechargewprecip.  120 
Climate controls on selective recharge and partial-evaporation  121 
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We provide empirical evidence from the global δ18Odripwater dataset that increasing temperature and 122 
decreasing rainfall both increase the absolute difference between δ18Odripwater and δ18Oamountwprecip. 123 
Figure 3 explores the global relationship between climate parameters and the difference between 124 
amount-weighted precipitation and drip water isotopic composition (Δawp-dw = δ18Oamountwprecip - 125 
δ18Odripwater). It can be observed that there is a narrowing in the range of Δawp-dw when MAT is 126 
relatively low (< 10 °C), total annual P is high (> 1750 mm), annual PET is low (< 800 mm) or total 127 
annual P/PET values are high (> 1.5). Linear single and stepwise multiple regression analyses on the 128 
global dataset showed the strongest correlation (Spearman’s rank) of the absolute value of Δawp-dw 129 
was with the ratio of mean annual temperature (MAT) to total annual P: 130 
 131 
|Δawp-dw|= 0.0106 (± 7.90439x10-4) + 0.00719 (± 8.75606x10-4) MAT / P  (° mm-1) 132 
(rs = 0.51,  p=0.001072)         (1) 133 
To further explore the relationship between Δawp-dw and these climate parameters, we define a 134 
threshold for |Δawp-dw| of more than 0.3 ‰ as a criterion for determining significant difference 135 
between δ18Oamountwprecip and δ18Odripwater. This is chosen taking into consideration potential 136 
uncertainties in δ18O determinations of water and speleothem calcite (analytical uncertainties of 137 
0.06 - 0.2 ‰, depending on measurement technique). Considering the climate parameter MAT, 91% 138 
of all drip waters with a MAT < 10 °C (n = 34) have a |Δawp-dw| of < 0.3 ‰. Considering the P, then for 139 
a P threshold of 1750 mm, 61% of all drip waters (n = 31) have a |Δawp-dw| of < 0.3 ‰. These 140 
empirical observations agree with theoretical understanding that in warmer, water limited climates, 141 
δ18Odripwater may be affected by evaporative fractionation of the water in the soil or shallow karst22,30, 142 
or by selective recharge, with an isotopic composition dominated by those rainfall events or seasons 143 
that generate recharge26-27. However, we note that a combination of post-infiltration evaporative 144 
fractionation and isotopically depleted recharge could lead to observations of |Δawp-dw| < 0.3‰ for 145 
some sites with warm and dry climates. 146 
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Discussion 147 
Our recharge modelling demonstrates the importance of selective recharge, and suggests that for a 148 
MAT < 16 °C, δ18Odripwater is best interpreted as δ18Orechargewprecip. The 1:1 linearity of the relationship 149 
between δ18Orechargewprecip and δ18Odripwater for European sites confirm the importance of selective 150 
recharge for this climate range (seasonal climates with a MAT ranging from 7.1 to 16.1 °C, 151 
Supplementary Data 1). Selective recharge is minimised at MAT <10 °C. At these temperatures, the 152 
opportunity for soil and shallow karst evaporation is decreased, and karst water stores are more 153 
likely to be maintained, allowing mixing of recharge waters that buffer the isotopic impact of any 154 
individual recharge event. At a MAT <10 °C, speleothems that have been deposited close to 155 
equilibrium would have the potential of recording past variations of δ18Oamountwprecip, plus a 156 
temperature signal from the fractionation during calcite precipitation.  157 
Latitudes poleward of ~35 ° and high-altitude sites, where MAT < 10 °C (Figure 1), would be most 158 
likely to contain a δ18Ospeleo record of amount-weighted precipitation (northern Europe, high altitude 159 
and northern regions of the Asian monsoon, northern North America, New Zealand). In contrast, 160 
δ18Ospeleo records in regions of higher MAT are more likely to have |Δawp-dw| > 0.3 ‰ and would be 161 
sensitive to moisture balance changes due to limited mixing with stored water, selective recharge 162 
and/or increased chance of evaporative fractionation of δ18O in the vadose zone. δ18Odripwater, and 163 
associated δ18Ospeleo, can be more positive than amount-weighted precipitation (evaporative 164 
fractionation dominates) or either greater or less than amount-weighted precipitation (selective 165 
recharge dominates). Regions where this compound signal is most likely are predominantly in 166 
latitudes equatorward of ~35° (most of Africa, India, southern Asia, southern Europe, North America 167 
and Australia; Figure 1). Modelling of δ18Orechargewprecip suggests that for seasonal climates with a MAT 168 
between 10 and 16 °C (the higher value being the upper bound of the European dataset), selective 169 
recharge dominates these processes. At this range of MAT (and, we anticipate, at higher MAT), 170 
δ18Ospeleo may be a proxy for δ18Orechargewprecip and provide records of paleo-recharge. Additionally, 171 
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when considering δ18Ospeleo, any relationship between δ18Odripwater and climate could be additionally 172 
overprinted by non-equilibrium deposition.  173 
Our meta-analysis reveals that the oxygen isotope composition of drip water is primarily determined 174 
by the oxygen isotope composition of the recharge water δ18O. At a global scale, we show that the 175 
extent to which δ18Odripwater is representative of δ18Oamountwprecip is primarily related to the mean 176 
annual temperature and annual precipitation, which determines the extent to which δ18O is further 177 
altered by soil and karst processes. To confidently interpret the δ18Odripwater as a specific climate 178 
parameter, the relationship between recharge δ18O and climate needs to be understood for specific 179 
sites. For sites and regions, characterised by lower temperatures (MAT < 10 °C), where Δawp-dw is 180 
likely to be closest to zero, we show that the oxygen isotope composition of drip water is most 181 
directly related to the isotopic composition of local rainfall. These regions could produce δ18Ospeleo 182 
proxies (if the speleothems are deposited close to equilibrium) where δ18Ospeleo could be used to 183 
provide a signal of past δ18Oamountwprecip and cave air temperature (due to the temperature dependent 184 
fractionation during calcite formation), useful for proxy – model assimilations. In these cooler 185 
climates, where water in karst stores and fractures is more likely to be well mixed, one would also 186 
expect greater agreement in δ18Odripwater between drip sites within a cave. In regions with higher 187 
temperatures (MAT > 16 °C), δ18Ospeleo is less likely to represent δ18Orechargewprecip, and instead can 188 
contain a compound signal that reflects selective recharge and evaporative fractionation. Such 189 
records are of paleoclimatic value, and may yield a proxy for δ18Orechargewprecip, but are more likely to 190 
show greater heterogeneity between coeval records and therefore require a drip-specific 191 
interpretation. 192 
Important Quaternary δ18Ospeleo records have been produced from around the world, and in the 193 
context of this analysis of modern conditions we can make several conclusions. Firstly, many 194 
paleoclimate studies interpret relative changes in δ18Ospeleo over time, and in many cases monitoring 195 
data is not available to guide the interpretation. The climatic controls made here can be used to help 196 
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guide the interpretation of those records. This is particularly relevant over periods of significant 197 
climate change (e.g. glacial – inter-glacial transitions) and where the climate control on the 198 
difference between δ18Oamountwprecip and δ18Odripwater may change over time. A map of the cave sites at 199 
modelled Last Glacial Maximum (LGM) surface temperatures is provided in Supplementary Figure 2, 200 
and suggests that a change in the temperature control on the δ18Oamountwprecip –  δ18Odripwater 201 
relationship is mostly observed in mid-latitudes, and most ubiquitously in the LGM in southern 202 
Europe. Secondly, in the Chinese monsoon region, the cooler northern sites are most likely to have 203 
δ18Odripwater similar to δ18Oamountwprecip, as reported previously30. However, given that monsoon rainfall 204 
requires a land-ocean temperature gradient, there is trade-off between caves at cooler locations 205 
that have δ18Odripwater closest to δ18Oamountwprecip, and those in regions with the strongest monsoon 206 
signal. The latter are more likely to experience evaporative fractionation and selective recharge, and 207 
therefore less likely to be similar to δ18Oamountwprecip (but may reflect δ18Orechargewprecip). This trade-off 208 
would apply to all monsoon regions. At the modern monitoring sites in the Chinese region, where 209 
MAT > 10 °C and annual P < 2000 mm (Figure 3), δ18Oamountwprecip does not correlate with MAT or total 210 
annual P, but δ18Odripwater does positively correlate with both (Supplementary Figure 3). This appears 211 
to be due to the combined overprinting of increasing selective recharge and evaporative 212 
fractionation over this range of MAT and offers new insights into the interpretation of δ18Ospeleo in 213 
the region.  Thirdly, even in regions of exceptionally high rainfall, such as Mulu (Malaysian Borneo) 214 
and parts of India, δ18Odripwater can be higher than the δ18Orecharegewprecip31, probably due to the 215 
continuous high temperatures leading to the partial evaporation of vadose water. Analysis of 216 
speleothems at caves at higher elevations should help mitigate this effect. Finally, δ18Ospeleo records 217 
from regions with high aridity and temperatures should not be expected to preserve a record of 218 
δ18Oprecip. Our meta-analysis confirms the modern monitoring observations25, which indicate that 219 
δ18Ospeleo in these regions would be an archive of alternating paleo-aridity and paleo-recharge and 220 
supports the interpretation of δ18Ospeleo as a paleo-recharge and paleo-aridity proxy for the Last 221 
Glacial Maximum in arid southern Australia22. 222 
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 223 
Methods 224 
Data compilation. δ18Odripwater data were compiled from a literature search and unpublished data. To 225 
minimise uncertainties that could be introduced into our analysis, we have chosen to only include 226 
sites where both of the following two criteria were met. Firstly, δ18Oprecip was collected at or close to 227 
the sites (<20 km) and at a similar altitude, monthly integrated samples for at least one year, with an 228 
amount weighted annual mean (δ18Oamountwprecip) value reported. Secondly, δ18Odripwater was collected 229 
over the hydrological year, for at least one year, with at least bi-monthly sampling frequency. 230 
Monitoring results had to have at least 1-year of both δ18Odripwater and δ18Oprecip data, with 231 
overlapping time periods. We therefore have not included sites where δ18Oprecip is a derived 232 
parameter e.g. from isotope enabled GCM output or based on empirical relationship with distant 233 
Global Network of Isotopes in Precipitation (GNIP) stations. Average drip water age is unknown for 234 
all sites, and it is possible that for some locations the δ18Odripwater integrates δ18Oprecip prior to the 235 
monitoring period. 236 
For each site, the local MAT and total annual P were taken from the publications, and PET taken 237 
from the WorldClim Global Climate Database34-35. For one study29, total annual precipitation was not 238 
provided and output from the gridded dataset was used instead. The P/PET was calculated from the 239 
local P and gridded PET. 240 
Climate comparison. δ18Odripwater and δ18Oamountwprecip data were compared to the following climate 241 
characteristics: mean annual temperature (MAT), total annual precipitation (P), potential 242 
evapotranspiration (PET) and the precipitation over PET ratio aridity index (P/PET). PET and the 243 
P/PET were taken from the global aridity and PET database34-35, where PET is modelled at 244 
approximately 1 km resolution using data from the WorldClim Global Climate Database using mean 245 
monthly extra-terrestrial radiation, and mean monthly temperature mean and range (using the 246 
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equation of 36). Sites are classified as humid where P/PET > 0.65; semi-arid and dry sub-humid at 0.2 247 
≤ P/PET ≤ 0.65, and arid and hyper-arid at P/PET <0.2. The difference between the δ18Oamountwprecip 248 
and δ18Odripwater was determined for each drip site (Δawp-dw). 249 
As cross-checks on the gridded database, we compared for all caves local P and gridded P (Eqn. 1) 250 
and local T and gridded T (Eqn. 2), and for the Australian caves we compared gridded PET with the 251 
mean PET (1960-1990 AD) calculated from the Australian Water Availability Project (AWAP) 252 
database37-38: 253 
Gridded P = 1.04 P (r = 0.98)        (1) 254 
Gridded T = 1.00 T (r = 0.96)        (2) 255 
For the Australian sites, the gridded PET calculated by the two products agreed within 7% for all sites 256 
except Golgotha Cave, where the AWAP PET was 30% higher than that calculated by WorldClim. The 257 
difference in PET at this site did not change the P/PET classification (using WorldClim: 1.06; using 258 
AWAP 0.82), and the WorldClim data is used for consistency. 259 
Statistical analyses were undertaken using Microcal Origin. Correlations are Spearman’s rank 260 
correlation coefficients (rs).  Probability values (p), are conservatively determined using the lowest 261 
degrees of freedom (df), based on the number of cave sites (global: n=39; Europe: n= 16; China: 262 
n=10; Australia: n=5), rather than number of unique drip waters. Regression equation slope and 263 
intercept uncertainties are the standard error. 264 
Karst hydrological model  265 
To estimate recharge, we use a large-scale karst groundwater recharge model that was previously 266 
developed for European and Mediterranean climates28,39,40. The model simulates karstic 267 
groundwater recharge at a 0.25° x 0.25° resolution at a daily resolution for a 10-year-period from 268 
2002 to 2012, which we consider long enough to provide representative average values of monthly 269 
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recharge. All relevant karstic and non-karstic processes, such as infiltration of rainfall and snowmelt, 270 
evapotranspiration, downward percolation from the upper soil layer to a lower soil/epikarst layer 271 
and vertical percolation from the epikarst layer towards the groundwater, are considered within its 272 
structure. The epikarst, which is a typical vadose-zone feature of karst systems, allows the dynamic 273 
separation of focused and diffuse groundwater recharge40-41. For the weighting of recharge, output 274 
from the epikarst is used: the epikarst in the model is a series of N=15 linear storages with variable 275 
capacities (Vsoil,i [mm] and Vepi,i [mm]) and with variable storage constants (Kepi,i[d]), which are 276 
distributed by a Pareto function, with a shape parameter a [-]. Parameter estimation provided 277 
ranges of values for Vsoil,i Vepi,i, Kepi,i and a for the humid, mountain, Mediterranean, and desert karst 278 
landscapes28. Here, we use the average recharge volumes (over all simulations obtained with the 279 
parameter sets within these confined ranges), and weight the δ18Oprecip in each month by the fraction 280 
of the total annual epikarst recharge that occurred in that month.  281 
 282 
Data availability 283 
All water isotope data is presented in the Figures is contained in the Supplementary Data and Table.  284 
The SISAL (Speleothem Isotopes Synthesis and AnaLysis Working Group) database version 1b, that 285 
supports Figures 1 and Supplementary Figure 3, is archived at the University of Reading. 286 
http://dx.doi.org/10.17864/1947.189 287 
The ECHAM5-wiso climate model data that supports Supplementary Figure 2 is archived at PANGAEA 288 
42  289 
 290 
 291 
Code Availability 292 
The karst hydrology model code is deposited at: https://github.com/KarstHub/VarKarst-R-2015 293 
13 
 
 294 
Acknowledgements 295 
Ideas in this paper were developed thanks to discussions around the NOAA Last Millennium 296 
Reanalysis project and PAGES SISAL consortium. We thank Alan Griffiths for providing AWRA-L PET 297 
results and Nico Goldscheider, Tanja Liesch and Zhao Chen for provision of the World Karst Aquifer 298 
Map (WOKAM) shapefiles. Funding is gratefully acknowledged by MOC for an Independent Research 299 
Fellowship from the UK Natural Environment Research Council (NE/P017819/1). AH was supported 300 
by the Emmy Noether – Programme of the German Research Foundation (DFG; grant number HA 301 
8113/1–1). WD was supported by the National Key R&D Program of China (Grant 2017YFA0603400) 302 
and the Strategic Priority Research Program of Chinese Academy of Sciences, Grant No. 303 
XDB26020000. LCB was supported by ERC-funded project GC2.0 (Global Change 2.0: Unlocking the past 304 
for a clearer future, grant number 694481). AM, MB and CP were supported by SPYRIT: Speleothems and 305 
Ice deposits from PYRenean caves to Reconstruct rapid climate Transitions (Ref: CGL2016-77479-R). LB 306 
was supported by Science Foundation Ireland through Research Frontiers Grants 07/RFP/GEOF265 and 307 
08/FRP/GEO1184. French Cave water δ18O were collected with the help of the INSU-CNRS (EC2CO-308 
LEFE program), and E. Régnier, B. Minster, LSCE, made most of the analyses. We thank Valdir Felipe 309 
Novello, David Dominguez Villar and Sylvia Riechelmann for providing electronic versions of 310 
published datasets.   311 
Author contributions   312 
Paper was conceived by AB and WD, with input from AH, JB, SH, LC-B, MOC and PCT. AH provided 313 
the simulations of the karst hydrology model. MB, AM, CP-M, LB and DG provided unpublished 314 
datasets. MW provided the ECHAM5-wiso model simulations. All authors contributed to the writing 315 
of the manuscript. 316 
Competing Interests Statement 317 
14 
 
The authors declare that they have no competing interests relating to this work. 318 
 319 
 320 
 321 
 322 
 323 
 324 
 325 
 326 
 327 
References 328 
1 Hartmann, A. & Baker, A. Modelling karst vadose zone hydrology and its relevance for paleoclimate 329 
reconstruction. Earth Sci. Rev., 172, 178-192 (2017). 330 
2 Lachinet, M.S. Climatic and environmental controls on speleothem oxygen-isotope values. 331 
Quatern. Sci. Rev., 28, 314-432 (2009). 332 
3 Fairchild, I.J. & Baker, A. Speleothem science: from process to past environments. John Wiley & 333 
Sons (2012). 334 
4 Smart, P.L. & Friederich, H. Water movement and storage in the unsaturated zone of a maturely 335 
karstified carbonate aquifer, Mendip Hills, England, in: Proceedings of the Environmental Problems in 336 
Karst Terranes and Their Solutions Conference. National Water Well Association, Dublin OH, pp. 56–337 
87 (1987). 338 
5 Pitty, A. An approach to the study of karst water. University of Hull Occasional Papers in 339 
Geography, 5 (1966). 340 
15 
 
6 Wigley, T. & Brown, M. The Physics of Caves. In: T. Ford & C. Cullingford (eds.), The Science of Spe-341 
leology. Academic Press, pp. 329–358, New York (1976). 342 
7 Mickler, P.J., Stern, L. & Banner, J.L. Large kinetic isotope effects in modern speleothems. Geol. 343 
Soc. America Bull. 118, 65-81 (2006). 344 
8 Baker, A., Hellstrom, J.C., Kelly, B.F.J., Mariethoz, G. & Trouet, V. A composite annual-resolution 345 
stalagmite record of North Atlantic climate over the last three millennia. Sci. Rep. 5, 10307 (2015). 346 
9 Feng, W., Casteel, R.C., Banner, J.L. & Heinze-Fry, A. Oxygen isotope variations in rainfall, drip-347 
water and speleothem calcite from a well-ventilated cave in Texas, USA: assessing a new speleothem 348 
temperature proxy. Geochim. Cosmochim. Acta 127, 233-250 (2014). 349 
10 Evans, M.N., Tolwinski-Ward, S.E., Thompson, D.M. & Anchukaitis, K.J. Applications of proxy 350 
system modeling in high resolution paleoclimatology. Quatern. Sci. Rev. 76, 16–28 (2013). 351 
11 Deninger, M., Fohlmeister, J., Scholz, D. & Mangini, A. Isotope disequilibrium effects: The 352 
influence of evaporation and ventilation effects on the carbon and oxygen isotope composition of 353 
speleothems - A model approach. Geochim. Cosmochim. Acta 96, 57–79 (2012). 354 
12 Bradley, C., Baker, A., Jex, C.N. & Leng, M.J. Hydrological uncertainties in the modelling of cave 355 
drip-water δ18O and the implications for stalagmite palaeoclimate reconstructions. Quatern. Sci. 356 
Rev. 29, 2201–2214 (2010). 357 
13 Truebe, S.A., Ault, T.R., & Cole, J.E. A forward model of cave dripwater δ18O and application to 358 
speleothem records. IOP Conf. Ser. Earth Environ. Sci. 9, 12022 (2010). 359 
14 Mickler, P.J. et al. Stable isotope variations in modern tropical speleothems: evaluating 360 
equilibrium vs. kinetic effects. Geochim. Cosmochim. Acta 68, 4381-4393 (2004). 361 
16 
 
15 Feng, W., Banner, J. L., Guilfoyle, A., Musgrove, M. & James, E. W. Oxygen isotopic fractionation 362 
between drip water and speleothem calcite: A 10-year monitoring study, central Texas, USA. Chem. 363 
Geol. 304-305, 53-67 (2012). 364 
16 Atsawawaranunt, K. et al. The SISAL database: a global resource to document oxygen and carbon 365 
isotope records from speleothems. Earth. Syst. Sci. Data, 10, 1687-1713. 366 
17 Atsawawaranunt, K., Harrison, S., Comas-Bru, L. SISAL (Speleothem Isotopes Synthesis and 367 
AnaLysis Working Group) database version 1b. University of Reading. Dataset. 368 
http://dx.doi.org/10.17864/1947.189 (2019)  369 
18 Wang, Y.J. et al. A High-Resolution Absolute-Dated Late Pleistocene Monsoon Record from Hulu 370 
Cave, China. Science 294, 2345–2348 (2001). 371 
19 Wang, X. et al. Hydroclimate changes across the Amazon lowlands over the past 45,000 years. 372 
Nature 541, 204–207 (2017). 373 
20 Cheng, H. et al. The Asian monsoon over the past 640,000 years and ice age terminations. Nature 374 
534, 640–646 (2016). 375 
21 Denniston, R.F. et al. North Atlantic forcing of millennial-scale Indo-Australian monsoon dynamics 376 
during the Last Glacial period. Quatern. Sci. Rev. 72, 159-168 (2013). 377 
22 Treble, P. C. et al. Hydroclimate of the Last Glacial Maximum and deglaciation in southern 378 
Australia’s arid margin interpreted from speleothem records (23–15 ka), Clim. Past 13, 667-687 379 
(2017). 380 
23 Cuthbert, M.O. et al. Drip water isotopes in semi-arid karst: implications for speleothem 381 
paleoclimatology. Earth Planet. Sci. Lett. 395, 194-204 (2014). 382 
17 
 
24 Dreybrodt, W. & Scholz, D. Climatic dependence of stable carbon and oxygen isotope signals 383 
recorded in speleothems: From soil water to speleothem calcite. Geochim. Cosmochim. Acta 75, 384 
734–752 (2011). 385 
25 Markowska, M. et al. Semi-arid zone caves: Evaporation and hydrological controls on δ18O drip 386 
water composition and implications for speleothem paleoclimate reconstructions. Quatern. Sci. Rev. 387 
131, 285-301 (2016). 388 
26 Pape, J.R., Banner, J.L., Mack, L.E., Musgrove, M. & Guilfoyle, A. Controls on oxygen isotope 389 
variability in precipitation and cave drip waters, central Texas, USA. J. Hydrol.385, 203-215 (2010). 390 
27 Jones, I. C. & Banner, J. L. Estimating recharge thresholds in tropical karst island aquifers: 391 
Barbados, Puerto Rico and Guam, J. Hydrol. 278, 131-143 (2003). 392 
28 Goose, H. Reconstructed and simulated temperature asymmetry between continents in both 393 
hemispheres over the last centuries. Clim. Dynamics 48, 1483-1501 (2017). 394 
29 Hartmann, A. et al. A large-scale simulation model to assess karstic groundwater recharge over 395 
Europe and the Mediterranean. Geosci. Model Dev. 8, 1729-1746 (2015). 396 
30 Duan, W. et al. The transfer of seasonal isotopic variability between precipitation and drip water 397 
at eight caves in the monsoon regions of China. Geochim. Cosmochim. Acta 183, 250-266 (2016). 398 
31 Moerman, J.W. et al. Diurnal to interannual rainfall δ18O variations in northern Borneo driven by 399 
regional hydrology. Earth Planet. Sci. Lett. 369-370, 108-119 (2013). 400 
32 BGR, IAH, KIT and UNESCO. World Karst Aquifer Map, 1:40 Million. Berlin, Reading, Karlsruhe and 401 
Paris (2017). 402 
33 Wassenaar, L.I. et al. Seeking excellence: an evaluation of 235 international laboratories 403 
conducting water isotope analyses by isotope-ratio and laser-absorption spectrometry. Rapid 404 
Commun. Mass Spectrom. 32, 393-406 (2018) 405 
18 
 
34 Zomer R.J. et al. Trees and Water: Smallholder Agroforestry on Irrigated Lands in Northern India. 406 
Colombo, Sri Lanka: International Water Management Institute. pp 45. IWMI Research Report 122. 407 
(2007) 408 
35 Zomer R.J., Trabucco A., Bossio D.A., van Straaten O., & Verchot L.V. Climate Change Mitigation: A 409 
Spatial Analysis of Global Land Suitability for Clean Development Mechanism Afforestation and 410 
Reforestation. Agric. Ecosystems and Environ. 126, 67-80 (2008). 411 
36 Hargreaves, G.L., Hargreaves, G.H. & Riley, J.P. Irrigation water requirements for Senegal River 412 
Basin. J. Irrig. Drain. Eng. ASCE, 111, 265-275 (1985). 413 
37 Raupach, M.R., Harman, I.N. & Canadell, J.G. Global climate goals for temperature, 414 
concentrations, emissions and cumulative emissions, CAWCR Technical Report No. 042, 74 (2011). 415 
38 Raupach, M.R. et al. Australian Water Availability Project (AWAP): CSIRO Marine and Atmospheric 416 
Research Component: Final Report for Phase 3, CAWCR Technical Report No. 013, 67 (2009). 417 
39 Hartmann, A., Gleeson, T., Wada, Y., Wagener, T. & Kingdom, U. Enhanced groundwater recharge 418 
rates and altered recharge sensitivity to climate variability through subsurface heterogeneity. 419 
Proceedings of the National Academy of Sciences 114, 2842-2847 (2017). 420 
407 Hartmann, A., Lange, J., Weiler, M., Arbel, Y. & Greenbaum, N. A new approach to model the 421 
spatial and temporal variability of recharge to karst aquifers. Hydrol. Earth Syst. Sci. 16, 2219–2231 422 
(2012). 423 
41 Williams, P.W. The role of the Subcutaneous zone in karst hydrology. Journal of Hydrology, 61, 424 
45–67 (1983). 425 
42 Werner, M. ECHAM5-wiso simulation data - present-day, mid-Holocene, and Last Glacial 426 
Maximum. PANGAEA, https://doi.org/10.1594/PANGAEA.902347 (2019) 427 
  428 
19 
 
Figure Legends 429 
Figure 1. Global map of sample sites, karst regions, surface temperature and speleothem records. 430 
Location of the cave δ18Odripwater samples (large circles). Global karst aquifer regions 32 are shown as 431 
coloured areas, with those with mean annual temperature < 10 °C (blue); 10 °C < mean annual 432 
temperature < 16 °C (green) and mean annual temperature > 16 °C (red). Dots show the locations 433 
with speleothem (δ18Ospeleo) records in the SISAL (Speleothem Isotopes Synthesis and AnaLysis 434 
Working Group) database16-17. (a) Europe (b) Chinese monsoon region and (c) SE Australia. More 435 
information on the sites is presented in Supplementary Data 1. 436 
Figure 2. Global oxygen isotope relationships. (a) Global relationship between δ18Odripwater, and 437 
δ18Oamountwprecip. The global dataset regression line is shown in red: δ18Odripwater = 0.64 (± 0.25) + 1.10 438 
(± 0.04) δ18Oamountwprecip (‰). Sites are coloured according to their mean annual temperature and 439 
symbols show their region: Europe (squares), China (circles), Australia (diamonds), USA (triangles) 440 
and other (stars). (b) frequency histogram for the global dataset for the difference between 441 
δ18Oamountwprecip and δ18Odripwater (Δawp-dw). (c) Relationship between the δ18Orechargewprecip, δ18Oamountwprecip 442 
and δ18Odripwater for the European dataset. The amount-weighted data is shown in open black 443 
symbols, and the regression line is shown in grey: δ18Odripwater = 1.19 (± 0.59) + 1.20 (± 0.08) 444 
δ18Oamountwprecip (‰). The recharge-weighted data is shown by coloured symbols (as for (a)) and the 445 
regression line is shown in black: δ18Odripwater = 0.06 (± 0.50) + 1.01 (± 0.06) δ18Orechargewprecip (‰). The 446 
arrows show the direct of the effect of recharge weighting.: (d) frequency histogram for the 447 
European dataset for the difference between δ18Orechargewprecip and δ18Odripwater (Δrwp-dw) and 448 
δ18Oamountwprecip and δ18Odripwater (Δawp-dw) for the European data. Typical analytical uncertainties for 449 
individual δ18O analyses are ±0.2 ‰ 33. 450 
 451 
Figure 3. The global relationship between Δawp-dw and climate parameters. (a) mean annual 452 
temperature (MAT), (b) total annual precipitation (P), (c) total annual potential evapotranspiration 453 
20 
 
(PET), and (d) mean annual potential evapotranspiration relative to mean annual precipitation 454 
(P/PET). Colours represent different regions: Australia (black), China (green), Europe (blue), USA 455 
(cyan) and all other regions (magenta). Black vertical lines show the 0.3 ‰ criterion for determining 456 
significant difference between δ18Oamountwprecip and δ18Odripwater 457 
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